We perform theoretical calculations of the canopy thermal infrared (TIR) hot spot using a first principles 3-D model described earlier. Various theoretical canopies of varying leaf size and for differing canopy height are used to illustrate the magnitude of the TIR effect. Our results are similar to predicted behavior in the reflective hot spot as a function of canopy geometry and
comparable
to TIR measurements from the literature and our own simple ground experiments.
We apply the MODTRAN atmospheric code to estimate the at-sensor variation in brightness temperature with view direction in the solar principal plane. For simple homogeneous canopies,
we predict canopy thermal infrared hot spot variations of 2 degrees C at the surface with respect to nadir viewing. Dependence on leaf size is weak as long as the ratio of leaf size to canopy height is maintained. However, the angular width of the hot spot increases as the ratio of leaf diameter to canopy height increases. Atmospheric effects minimize but do not eliminate the TIR hot spot at satellite altitudes. 
Introduction
In this paper, we look at a new, relatively unexplored remote sensing aspect: the canopy thermal infrared hot spot. A maximum in thermal infrared exitance occurs when the viewer is positioned in the anti-solar direction along the principal plane and observes warmer sunlit surfaces. A similar phenomenon is easily observed in the reflective regime but arises from a lack of visible shadows in the anti-solar direction. It has been extensively studied theoretically at these shorter reported in the literature and consistent with measurements we made for a simple grass canopy.
Method
Our approach to simulating canopy thermal infrared exitance has been described earlier 7.
Basically, we first construct a three-dimensional representation of the canopy consisting of statistical ensembles of leaf surfaces distributed throughout the canopy volume and then raytrace the canopy to determine all of the elements in the scene that either are directly illuminated or in shade.
We solve resulting energy budget equations to determine corresponding leaf temperatures for all sunlit and shaded leaf surfaces within the canopy. Finally, ray tracing is once again applied to project thermal exitance into the sensor field of view.
Monte Carlo
sampling is employed to reduce ray tracing times.
Here, we simulated a fairly continuous canopy 20 m by 20 m on a side with a Leaf Area Index of 3.0. For our nominal case, leaf facet size was taken to be 5 cm by 5 cm and the canopy 0.8 meters tall. The test scene contained 388,800 leaf facets randomly selected from a spherical leaf angle distribution. We selected a viewpoint 10 meters above the canopy. Given this geometry, the total field of view of the canopy was 70 degrees, i. e. plus or minus 35 degrees from zenith.
Subsequently, leaf size also was taken to be 2.5 cm by 2.5 cm. In addition, a canopy 1.6 meter in height was simulated. Figure la shows a hemispherical view of the simulated canopy with the viewer positioned at ground level and looking upwards towards the zenith.
We Figure 2a shows the results of our calculations for the differences in brightness temperature for our nominal canopy viewed from oblique versus nadir directions within the solar principal plane. Forzenithviewanglesup to 25 degrees atmospheric effects induce an additional uncertainty of 0.5 deg C. Contributions of the atmosphere increase with increasing surface temperature and zenith view direction. Figure 2d compares the TIR directional anisotropy in the solar principal plane compared to nadir calculated at the surface and at satellite altitude. While subdued, the TIR hot spot is still clearly discernable.
Simulation Results

4.
Summary
We have illustrated the use of a three-dimensional canopy thermal infrared exitance model to compute the at-surface canopy thermal infrared hot spot variation and its dependence on simple canopy geometry. We found that dependence on leaf size is weak as long as the ratio of leaf size to canopy height is maintained. However, the angular width of the hot spot increases as the ratio of leaf diameter to canopy height increases. Atmospheric effects subdue, but do not eliminate, the TIR hot spot.
Only illustrative calculations are given in this short note. A potential limitation in the present study was our omission of multiple scattering for the thermal infrared flux 9. We expect this effect to be small for the cases simulated because our scene contained only very high emissivity surfaces.
Our ray tracing code accommodates multiple scattering but requires significantly more processing time.
A further limitation in our study is that all of our surface elements had negligible heat capacity. Thermal inertia effects were, therefore, not addressed. We also believe it would be interesting to compute and compare the characteristics of the reflective and thermal infrared hot spot for the same canopies. 
